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a b s t r a c t 
Dust grains in fusion devices may be radioactive, contain toxic substances, and may penetrate into the 
core plasma resulting in the termination of plasma discharges. Therefore, it is important to study the 
charging mechanisms of dust grains under tokamak’s plasma conditions. In this paper, the charging pro- 
cesses of carbon dust grains in fusion plasmas are investigated using the developed dust simulation (DS) 
code. The Orbital Motion Limited (OML) theory, which is a common tool when solving dust-charging 
problems, is used to study the charging of dust grains due to the collection of plasma ions and electrons. 
The secondary electron emission (SEE) and thermionic electron emission (TEE) are also considered in the 
developed model. The surface temperature of dust grains (T d ) is estimated for different plasma param- 
eters. Floating potentials have been validated against the data available from the dust simulation code 
package DUSTT. It is shown that the dust grains are negatively charged for relatively low plasma tem- 
peratures   below 10 eV and plasma densities below 10 19 m −3. For higher plasma temperature and density, 
however, the charge on dust grains may become positive. The charging time depends not only on the 
grain’s size, but also on the plasma temperature. 
© 2016   Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license. 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
1. Introduction
In fusion devices, the majority of the plasma escaped from the
core and directed towards the divertor moves along the scrape-
off layer, where plasma recombination occurs and most of the
contamination is exhausted. Small portion of escaped hot plasma,
however, fails to move along the magnetic lines and hits the cham-
ber wall and the dome area [1,2]. The chamber wall or dome pro-
duces eroded material when being hit by the plasma. The eroded
material may nucleate and form dust grains in relatively cold
plasma regions [3]. Consequent flaking of the thin surface films,
which are produced during the interaction between the plasma
and chamber wall, as well as other plasma-wall interactions, are
also sources of dust grains [4]. Some dust grains are radioactive
and toxic, some contribute to the plasma contamination as a sup-
plier of impurity, some could result in radiative losses, plasma in-
stabilities and even the termination of plasma discharges when
they penetrate into the core plasma [5,6].
The physical processes of charging of dust grain have been
studied in various fields [7–11]. Tokamak operation and safety is-
sue due to contamination by dust grains, intentionally injected (Li
pellets) or produced during energetic plasma-wall interactions, is
among the most critical issues to deal with in magnetic fusion de-
vices. Since the dust grains could be charged, they can be located
in various places in a tokamak. Most of the grain sizes are found
on the order of 0.1 μm to 10 μm [12]. Some of the grains are spher-
ical and some can be of irregular shape [13]. There are mainly four
dust simulation code packages in magnetic fusion research, namely
DUSTT [14], DTOKS [15], MIGRAINe [16] and DUSTTRACK [17] . All
the four codes give a description of dust behavior and transport
in fusion devices. The DS code, however, focuses on the dynamic
charging processes as well as the influences of background plasma
parameters and the dust grain property.
In this paper, to have direct and simple expressions for the cur-
rents, we consider spherical dust grains originating from the sput-
tering yields of the plasma facing material. The charging mech-
anisms of dust grains with different sizes in fusion plasma en-
vironments are studied. By means of our Dust Simulation (DS)
code based on the experiments [12,18] of dust formation and basic
plasma parameters in fusion devices, the Td evolution and charg-
ing processes of dust grains are studied. The developed code was
also used to provide a theoretical basis for understanding dust con-
tamination of the core plasma and optimization of the tokamak∗ Corresponding author.
E-mail address: lzplasma@mail.dlut.edu.cn (Z. Liu).
http://dx.doi.org/10.1016/j.nme.2016.11.030
2352-1791/© 2016 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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vessel wall. Calculations with the DS code have been performed for
various sizes of spherical dust grains with common edge plasma
parameters. For most of the edge plasma conditions the results
show that the charge on grains remains negative. Under relatively
higher temperatures above 10 eV, however, the TEE becomes strong
enough to turn the grain’s charge to positive values.
The paper is organized as follows. In Section 2, the dust-
charging model is presented. In Section 3, the charging processes
of carbon and tungsten dust particles with various sizes are stud-
ied in detail and the conclusions are drawn in Section 4.
2. Physical model
2.1. Dust charging due to interactions of plasma electrons and ions
Dust charging is the result of dynamic processes of ions and
electrons reaching, interacting, and leaving the surface of dust
grains. The processes that contribute to dust grain charging are
collection of electrons and ions from the plasma, secondary emis-
sion, thermionic emission, photoemission, and radioactivity [3].
Since the influences of the last two processes are relatively small
and can be neglected [19], our DS code accounts for collection of
charged particles from the plasma, secondary emission, and TEE. In
our simulations, we assume that the dust grains are spherical and
the plasma particle motion is gyro-centered. The dynamic charging
process is described with the OML [20], which was originally used
for calculating the charge on a probe immersed in the plasma [21].
For typical edge fusion plasma parameters, Te ranging from 1 eV to
−3 −3several tens eV and Ne ranging from 1018 m to 1020 m [19],
the electron and ion collisions can be safely neglected in calcula-
tions of dust charging and heating [14]. For ions, the Larmor ra-
dius is much larger than the Debye screening length, which is also
larger than the grain radius (from 1 to 10 μm), so that the OML
approximation can be used [3]. For electrons, the Larmor radius is
comparable with the Debye length. The effect of the magnetic field
on dust grain charging will be considered in the future work. For
Maxwellian distributed electrons and ions, characterized by tem-
perature of electrons Te and ions Ti, which are equal in thermal
equilibrium, the OML currents for spherical grains can be written
as [22]  
zieϕs
Ii = Ioi 1 − ϕs < 0
kBTi  
eϕs
Ie = Ioe exp ϕs < 0
kBTe  (1)−zieϕs
Ii = Ioi exp ϕs > 0
kBTi  
eϕs
Ie = Ioe 1 + ϕs > 0
kBTe
where zi is the ion charge, Ioe and Ioi are the currents when the
grain’s surface potential ϕs = 0, e is the elementary charge and kB
is the Boltzmann constant. The terms Ioα with α = e, i can be writ-
ten in the simplified form 1/2
kTα
Ioα = 4πR2Nαqα (2)d 2πmα 
under tokamak plasma edge conditions, where Rd is the dust ra-
dius, Nα is the number density, qα is the charge number, and mα 
is the mass of plasma species α, respectively. The dust grain sur-
face potential ϕs is related to the dust charge Q as
ϕs = Q/C (3)
where C is the capacitance of a spherical dust grain which has the
form C = 4πε0Rd [23]. The charging process due to plasma ions
and electrons can be described as
dQ = Ii + Ie (4)
dt
Substituting Eq. (3) into Eq. (1) and using Eqs. (2) and (4) we
obtain  1/2  
dQ kTe eQ= 4πR2Neqe exp
dt d 2πme kCTe 1/2 
kTi zieQ+4πR2dNiqi 1 − ϕs < 0 (5)2πmi kCTe
1   
dQ kTe
2 eQ= 4πR2Neqe 1 +
dt d 2πme kCTe 1/2  
kTi −zieQ+4πR2dNiqi exp ϕs > 0 (5)2πmi kCTi
These equations describe the charge evolution due to collection
of plasma electrons and ions for various plasma temperature and
density conditions.
2.2. Secondary electron emission (SEE)
With sufficient energy of plasma electrons hitting the dust
grains, electrons can be ejected from the dust grain. The SEE yield,
the ratio of the emitted secondary electrons to the whole incoming
electrons, is affected by the energy of incoming electrons Ee and is
described by the Sternglass formula [24]    1/2δsec Ee Ee= 2.722 exp −2 (6)
δmax Emax Emax
where δmax and Emax are material-dependent constants and
δsec is the SEE coefficient. For graphite, δmax = 1.0 and Emax =
300 eV [25]. Then we can integrate numerically δsec over the en-
1 2ergy distribution of electrons Ee = 2meve using a Maxwellian dis-
tribution function f(Ee, Te) to determine SEE as a function of tem-
perature Te [26]. For positively charged grains, the SEE contribu-
tion is neglected, since it is assumed that the grain is sufficiently
charged to absorb the secondary electron current. The SEE can also
be obtained from Young-Dekker formula [27]. Its incorporation in




When Td is high enough, some electrons can escape result-
ing in thermionic emission. The thermionic current for negatively
charged grains with the radius of Rd can be obtained using the
Richardson-Dushman equation [28]
Wfjth = −4πRd2ARTd2exp(− (7)kBTe
−2where AR = 1.20173 × 106 A m K−2is Richardson’s constant, Wf
is the material-dependent work function. For graphite, Wf =
4.8 eV [26]. For positively charged grains, just as SEE, this
thermionic term is also neglected.
2.3.2. Surface temperature of dust grains Td
There are five main heating and cooling mechanisms contribut-
ing to the net energy on dust grains in a fusion plasma [26].
These are particle bombardment, electron emission, recombina-
tion processes, neutral particle emission, and radiative cooling. For
             





























































































      
 
      
   
 








    
           




       
 
    
























         
   
 
           
   
 
 
      
           
            















          
        
        
    
         
             













            
  
      
 
     
            
 
 
          




    
        
 
    
 
 
         




    
 
  
              









           
          
           
 
  
              
           
 
 
          
           
     
 
 
             
     
 













          
                 
     
 
          
    
            
 
   
             
   
 















        
      
 
      
             
         
            
           
           
 








         
          
           
          
            
              
            












            
         
                











             
              











       
           
             
         
 
      
               
            
              











          
             
              











           
              





          
     
              


























532 Z. Liu et al. / Nuclear Materials and Energy 12 (2017) 530–535
negatively charged grains, the net energy can be expressed as
[26]  
net = [(2kBTi + VdkBTe) 1 − R̄ E + 13.6e + 1.1e − kBTd] i
+(2kBTe − Wfeδther − 3.0eδsec) e − ασT4d (8)
and that for positively charged grains 
net = [(2kBTi + VdkBTe) 1 − R̄ E 
+ (13.6e + 1.1e − kBTd) 1 − R̄N ] i + 2kBTe e − ασT4d
(9)
where R̄ E is the backscattered fraction of incoming energy, i and
e are ion and electron flux, Vd is the normalized dust grain float-
ing potential, Vd = (eφd)/(KbTe), where φd is the dust potential,
α is the emissivity, a material-dependent coefficient (α =1 for a
black body), and σ is Stefan’s constant. The variables δther and δsec
are TEE and SEE yields, respectively. RN represents the fraction of¯ 
backscattered ions from dust particles. Then solving the equation
dTdmdc(Td) = 4πR2 net (10)ddt
4where md = πR3ρ is the mass of dust particle, ρ is the grain3 d
density and c(Td) is the specific heat, we can then obtain the evo-
lution of Td.
2.4. Numerical algorithm and DS code
In the above sections, we have derived the contribution to the
current from plasma ions and electrons, SEE and TEE. Then we can
write the charging equation as
IαdQ = = Ii + Ie + ISEE + ITEE (11)
dt
To obtain as accurate results as possible during numerical sim-
ulation, the fourth-order Runge-Kutta method is implemented in
the DS code for solving this charging equation.
3. Results and discussion
The charging processes of spherical carbon dust grains with
radii from 10 nm to 10 μm are simulated for conditions when the
−3grains are placed within fusion plasmas with Ne from 1016 m up
−3to 1020 m and Te from 1 eV up to 20 eV The results are as de-
scribed below.
The contour plot of equilibrium Td of carbon grains in fusion
plasma with typical edge parameters is shown in Fig. 1. Td depends
on both plasma density and plasma temperature. It remains below
−31000 K at low plasma densities less than 1017 m . In this regime,
there is only a weak dependence of Td on the plasma temperature.
Td increases slightly with the increase of plasma temperature. For
−3higher plasma densities above 1019 m , however, the Td can reach
the sublimation point which is 3915 K for carbon. It can be seen in
−3Fig. 1 that for dense plasmas with Ne > 1019 m , Td is consider-
ably higher in plasmas with higher temperature. It is obvious that
in a plasma with higher temperature, more energetic plasma ions
and electrons will heat the dust particle resulting in higher Td. Ac-
cording to Eqs. (8) and (9), the higher flux of plasma particles im-
pinging the dust grain will contribute to higher energy and Td in
all five of heating and cooling mechanisms, but radiative cooling,
which is not influenced by the plasma density. Thus, high plasma
densities result in higher Td.
The evolution of charge as a function of time on a dust grain
with a radius of Rd =1 μm placed in a plasma with Ne from
1016 −3 −3m up to 1020 m and Te =1 eV, 10 eV and 20 eV is shown
in Fig. 2(a)−2(f). In Fig. 2(a) and 2(b), we can see a great impact
Fig. 1. Isolines of Td of carbon grains at thermal equilibrium within a range of
plasma density and temperature.
of the change of plasma density on the charging time. At Te =1 eV,
the steady charge on the dust grain is around ∼5000 electronic
−3 −3charges for Ne ranging from 1016 m up to 1019 m , while for
Ne = 1020 m−3 the dust charge is around ∼3500 electronic charges.
At this high plasma density, Td reaches 3041 K. At this temperature,
the thermal current due to TEE from a grain becomes one of the
dominant currents, unlike those at the smaller plasma densities.
The charges on grains are all negative for the five plasma densities.
The charging times needed to reach the steady-state are 13.1 μs,
−31.31 μs, 0.13 μs, 13.10 ns, and 1.31 ns for Ne ranging from 1016 m
1020 −3up to m . They are decreased accordingly by an order of
magnitude for each order of magnitude in density increase. The
reason for this order of magnitude decrease is that the charging
time is inversely proportional to the plasma density. The number
of electronic charges as a function of time for the plasma temper-
ature increased to 10 eV is shown in Fig. 2(c) and 2(d). Compared
to Fig. 2(a), both the charging time and the steady-state electronic
−3 1017 −3charge have increased for plasma density of 1016 m , m
−3and 1018 m (Fig. 2(c)). The charging time is 0.49ms, 4.91 μs
and 0.49 μs, respectively. The steady-state number of electronic
charges is increased to ∼40,000 (Fig. 2(c) that is about 8 times
−3 −3greater than that in Fig. 2(a)). For Ne =1019 m and 1020 m in
Fig. 2(d), the steady state charge number is lower compared to that
at lower densities in Fig. 2(c). The number of charges on a grain
shown in Fig. 2 is expressed in the absolute values. For the case
−3 −3of Ne = 1019 m and 1020 m (Fig. 2(d)), the steady-state charge
on a grain becomes positive. The number of ionic charges reaches
∼22,000 and ∼5000, respectively. The charging time is decreased
to ∼12 ns and 0.02 ns, respectively. For Te =20 eV, the number of
charges on a grain is shown in Fig. 2(e) and 2(f). Both the charging
time and charge numbers in Fig. 2(e) have increased about ∼50%
for each density compared to Fig. 2(c). In Fig. 2(f), the steady-state
−3 −3charge becomes positive for Ne =1019 m and 1020 m and the
charge number remains almost the same with the charging time
decreased compared to Fig. 2(d). The potential of a dust grain can
be found in Fig. 4, which clearly shows that the grain is positively
−3 −3charged for Ne = 1019 m and 1020 m .
Another factor affecting the dust charging is the size of the
dust grain. The charging of dust grains with radius of 10 μm, 1 μm,
100 nm, and 10 nm was simulated in a plasma with the density
−3of 1020 m and the electron temperature of 1 eV The results are
shown in Fig. 3.
It can be seen in Fig. 3 that the time needed to reach the
steady-state charge on a grain is about 0.12 ns, 1.31 ns, 6.97 ns,
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−3 −3Fig. 2. Number of electronic charges as a function of time on carbon dust grains placed in a plasma with Te =1, 10, 20 eV and Ne ranging from 1016 m up to 1020 m .
Fig. 3. Evolution of the number of electronic charges on carbon dust grains in a
1020 −3plasma with Te =1 eV and Ne = m for Rd ranging from 10−8 m up to 10−5 m.
and 12.05 ns for the grain’s sizes mentioned above, respectively.
The smaller grains require larger charging time, since the charg-
ing time is inversely proportional to the grain’s radius. The steady-
state charge numbers on a grain are around 35,000, 3500, 350, and
35 electronic charges, respectively.
Fig. 4 shows the evolution of the potential of a carbon dust
grain with 1 μm radius placed in the plasma with Te =20 eV and
−3 −3densities ranging from 1016 m up to 1020 m . For plasma densi-
−3 −3 −3ties of 1016 m , 1017 m , and 1018 m , the potential is negative
decreasing to −2.32 relative units at 53.9 μs, 6.7 μs and 0.81 μs,
−3 −3respectively. For plasma densities of 1019 m and 1020 m , the
potential becomes positive increasing to values of 0.87 and 0.27 of
Fig. 4. Evolution of surface potential on a dust grain with radius of Rd =1 μm
−3 −3placed in a plasma with Te =20 eV and Ne ranging from 1016 m up to 1020 m .
The potential is shown in the units normalized to the electron plasma temperature.
relative units at 0.80 ns and 0.36 ns, respectively. These results on
the steady-state floating potential were compared with those from
the dust code DUSTT demonstrating a good agreement. DUSTT re-
−3 −3sults show that for Ne from 1016 m to 1018 m the normalized
−3 −3potential is around −2.3. And for Ne= 1019 m and 1020 m , DS
results are also very close to DUSTT data [19]. This can be used as
validation of the DS code.
In Fig. 5, the comparison of charge evolution of 1 μm radius
carbon and tungsten dust grains is presented. It can be seen for
1018 −3 −3Ne = m and 1019 m , the charge evolution is almost the
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Fig. 5. Number of electronic charges as a function of time on Rd =1 μm carbon
and tungsten dust grains placed in a plasma with Te =1 eV and Ne ranging from
−3 −31018 m up to 1020 m .
−3same for carbon and tungsten. When Ne reaches 1020 m , how-
ever, the charge on tungsten dust increases faster and has a higher
balance charge than that on carbon dust.
The OML theory has not taken into account the effects of mag-
netic fields. When a dust particle is placed in the plasma with a
magnetic field, the electrons move along the magnetic field lines
with the Larmor radius smaller than the dust radius. This will
cause a 50% decrease in the electrons collected by the dust parti-
cles. In this case, the charge evolution is shown in Fig. 6. The bal-
ance charge will decrease by about 50%. This assumption needs to
be validated against Particle-In-Cell simulations, which is already
on the way using the Vsim particle simulation software.
4. Conclusion
Dust grains in fusion devices may not only influence tokamak
operation reliability, but also may cause safety issues. The physical
mechanisms of dust grain charging under relevant tokamak plasma
conditions are studied. The developed Dust Simulation code based
on the OML theory is used for simulating the dust charging pro-
cesses and predicting the grain temperature, charging times, num-
ber of charges on grains, and floating potentials. The main differ-
ence between our dust code and some other existing dust trans-
port codes is that we solve time dependent differential equations
for the dust charge not imposing ambipolarity conditions.
It is found that in tokamak edge plasma environment, it takes
from nanoseconds to microseconds for dust grains to become fully
charged. The charging time is inversely proportional to dust grain
radius and plasma density. For the most of cases, higher plasma
temperature may also decrease the charging time. For low plasma
temperature and density, it is observed that the grains are neg-
atively charged. For higher plasma temperature and density, the
charge on grains becomes positive due to fierce TEE. The number
of charges on the dust grain can reach the order of 10 to 10,000.
For lower densities, the charging evolution is almost the same for
carbon and tungsten dust. For higher densities, however, the bal-
ance charge is higher for tungsten dust.
It is observed that the charging time for some dust sizes and
plasma parameters can be smaller than 1 ns. In some dust trans-
port simulation codes, the time step from 1 ns to 10 ns is used.
Care should be taken to make sure that the time step is smaller
than the charging time.
More work, however, needs to be done for the developed DS
charging model. The SEE and TEE currents need to be adjusted
when the dust grain becomes positively charged. In addition, the
shapes of some dust grains found in fusion devices are not strictly
spherical. The charging of these non-spherical dust grains should
be studied. Besides, the OML theory has some limitations: (a) the
effect of magnetic field is not taken into account. It’s estimated
that for common plasma parameters in edge tokamak environ-
ment, the balance charge is about half of what the OML theory
suggests. (b) The OML theory assumes the absence of potential bar-
riers in the vicinity of the dust grain [29]. Such barriers can ap-
pear when dust grains are positively charged. If so, the dust charge
is changed affecting the incoming heat power. Also, the effect of
vapor shielding is not included in this model [30]. A more accu-
rate study of the charging process is already under way using Vsim
simulation software, which is a popular particle in cell simulation
tool. In future research, the results of this charging model can be
used for integrated computational studies of dust grain transport
and overall effect in plasma performance.
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−3 −3Fig. 6. Charge evolution of 1 μm radius carbon dust in a plasma with Te =1 eV and Ne ranging from 1016 m up to 1021 m . Symbol B in legends means the cases with
the effect of the magnetic field.
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